Organization of the genome sequence of the polyploid crop species Brassica juncea
To the Editor -A draft genome sequence of Brassica juncea, a member of the Brassicaceae and therefore a species benefiting from the functional genomics advances in the 'model' species Arabidopsis thaliana, was reported recently by Yang et al. 1 . B. juncea is a recently formed allotetraploid, whose diploid progenitors were mesohexaploids: Brassica rapa (which contributed the A genome) and Brassica nigra (which contributed the B genome). In addition to underpinning future trait-oriented work in this important crop species, which includes both vegetable and oil types, the sequences were analyzed for characteristics of genome evolution under crop selection. For both purposes, the genome sequences must represent with high fidelity (though not perfectly in 'draft' form) both the gene complement and gene order of the species. As a model for addressing the challenges of achieving an adequate representation of the latter for allopolyploid crops, the construction methodology employed short shotgun sequence reads, single-molecule long reads, BioNano sequencing and highresolution genetic mapping.
A particular problem in genetic mapping in polyploids is the confounding effects of single nucleotide polymorphisms (SNPs) resulting from interhomeolog polymorphisms (IHPs), which are much more abundant than the allelic SNPs needed for genetic (linkage) mapping. In species such as B. juncea and B. napus (which also contains the A genome contributed by a B. rapa progenitor, but in this species in combination with the C genome contributed by a Brassica oleracea progenitor), further complications arise from the mesohexaploid nature of the genomes of the diploid progenitors, resulting in interparalog polymorphisms (IPPs). However, as long as sufficient sequencing redundancy has been obtained to overcome stochastic sampling effects and differentiate allelic SNPs (which will segregate across a linkage mapping population) from IHPs and IPPs (which should be invariant), the confounding effects can be overcome. Even using transcriptome sequence data, robust methodologies have been developed in B. napus to score allelic SNPs for high-resolution linkage map construction and to underpin association genetics [2] [3] [4] . We aimed to test the fidelity with which the genome sequence reported by Yang et al. 1 represents the gene order of B. juncea by comparing that with our own estimates using an AB Brassica genomics platform constructed as was described for our AC Brassica genomics platform 5 based on the sequences of the progenitor species B. rapa (A genome) and B. nigra (B genome) (Supplementary Note). For the test, we used the coding DNA sequence (CDS) gene models from (1) the AB Brassica genomics platform and (2) the B. juncea genome sequence of Yang et al. 1 (denoted J genome)
as the reference sequences for mapping Illumina mRNA-seq reads from 106 lines of the B. juncea VHDH mapping population 6, 7 with variant calling essentially as described previously for B. napus [2] [3] [4] (Supplementary Note). The SNP scoring strings were filtered to retain only simple SNPs (i.e., polymorphisms between resolved bases) and displayed in genome sequence order as genome-ordered graphical genotypes (GOGGs). If the order of the genes in which the polymorphisms are scored is correct in the genome sequence, the result should resemble a genetic linkage map, i.e., having few instances of nearby alternating parental alleles in individual recombinant lines. ).
The GOGGs generated comprised 33,059 scored SNP markers for the AB Brassica genomics platform and 29,834 scored SNP markers for the B. juncea genome sequence reported by Yang et al. 1 ( Supplementary  Fig. 1 ). For example, comparison of chromosome J1 of Yang et al. 1 to A1 from the AB Brassica genomics platform is shown in Fig. 1 . The results of this simple quality control assessment show that the authentic arrangement of genes in B. juncea matches very well to that of their orthologs in the AB reference, and hence that in the progenitor species, but they also show that the B. juncea genome sequence reported by Yang et al. 1 is extensively mis-assembled. We note also that the internationally agreed nomenclature for B genome chromosomes 8 , which we followed for the AB resource, was not followed for the B. juncea genome sequence.
The assembly and validation methodology described by Yang et al. 1 sounds plausible and may well be taken as a model to follow for other polyploid crops, so why was it ineffective? Detailed inspection of the GOGGs suggests two problems: chimeric assemblies (in which collinearity with the genome of A. thaliana breaks down) and mistaking IHPs or IPPs for allelic SNPs when undertaking the linkage mapping with the 5,333 "bin markers" or in the pre-existing linkage map (in which collinearity with the genome of A. thaliana is maintained). The bin markers appear to have been scored on the basis of only ~0.7-fold redundant genome re-sequencing, which wouldn't be sufficient (in SNP scoring) to differentiate the differing types of polymorphisms (IHPs, IPPs and allelic SNPs) in polyploid genomes. It is less clear why use of the single-molecule long reads and BioNano sequencing failed to detect the chimerism.
Although the draft of the B. juncea genome sequence reported by Yang et al. 1 does not appear to faithfully represent the organization of that genome, undermining analyses requiring positional information (such as illustrated in Figs. 1, 2a, 3 and 4a in the report of Yang et al. 1 ), it could easily be improved by exploiting the linkage mapping information depicted by the GOGGs. Indeed, the B genome component of our AB Brassica genomics platform was based on the B. nigra genome sequence reported by Yang et al. 1 alongside that of B. juncea and was developed by splitting it (into 175 segments) and re-organizing based on the transcriptome SNPs scored across the B. juncea VHDH mapping population (Supplementary Table 1 ). The assessment of genome assemblies based on GOGGs therefore not only represents an important quality control measure, but also provides a solution where problems are found. Linkage mapping populations have been a fundamental resource for the genetic analyses of traits in crop so will usually be available already in crop species for which genome sequencing is being undertaken. To help assure the quality of genome sequences, we would like to propose an expectation that validation by means of GOGGs should be incorporated into the assembly workflow for polyploid crop genomes.
reporting summary
Further information on research design is available in the Nature Research Reporting Summary linked to this article. 
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B. juncea is a recent allopolyploid species that resulted from hybridization between
Brassica rapa (A genome) and Brassica nigra (B genome) followed by chromosome doubling and evolution into vegetable and oilseed types for agricultural usage.
We are aware of scaffold chimerism in this genome after checking the genomeordered graphical genotypes (GOGG). For better understanding of this allopolyploid genome, we have improved and updated a new version of the genome sequence of B. juncea, although the updated genome assembly does not impact the conclusions of homoeolog transcriptional behavior influencing selection in this allopolyploid B. juncea.
He and Bancroft raised the possible problem of differentiating single nucleotide polymorphism (SNP) types for interhomeolog polymorphisms (IHP), interparalog polymorphisms (IPP) and allelic SNPs using 0.7-fold resequencing for genetic mapping in polyploids. In
